To investigate the expression and role of PAR-2 in the proliferation of the human hepatoma cell line HepG2, PAR-2 protein and mRNA expression were evaluated by immunohistochemistry, immunofluorescence and RT-PCR analysis. The signaling pathways downstream of PAR-2 activation that lead to hepatoma cell proliferation were analyzed. The results showed that PAR-2 is expressed in human hepatoma cells and PAR-2 mRNA expression was found to be upregulated in cells treated with trypsin or SLIGKV-NH 2 (P<0.001). The proliferation rate of HepG2 cells treated with trypsin or SLIGKV-NH 2 was significantly increased (P<0.001). The percentage of S phase, G 2 /M phase and the proliferation index (PI) of HepG2 cells treated with trypsin or SLIGKV-NH 2 were significantly elevated (P<0.001). The proliferative responses of HepG2 to trypsin and SLIGKV-NH 2 were associated with the upregulation of c-fos and PCNA, which were significantly blocked by PD98059 pretreatment. In conclusion, our results indicate that PAR-2 enhances proliferation of human hepatoma cells possibly via the ERK/ AP-1 pathway.
Introduction
Hepatocellular carcinoma (HCC) is the most common type of human liver cancer, leading to increasing mortality rates worldwide. Currently available chemotherapies cannot achieve good prognosis for patients with unresectable HCC (1, 2) . Therefore, it is necessary to investigate the molecular mechanisms responsible for HCC development in order to identify new targets for early diagnosis and novel treatments. Proteases have been found to be important factors in pathophysiology of tumor dieases. Besides their contribution to cancer progression by degrading extracellular matrix proteins, certain proteases serve as signaling molecules through binding to specific membrane receptors, termed the protease-activated receptors (PARs). PARs are seven-transmembrane G-protein-coupled receptors, which are activated by a unique proteolytic mechanism that involves N-terminal domain cleavage by specific serine proteases. The N-terminal cleavage in turn generates a new tethered ligand for PARs binding and receptor activation (3) . PAR-1, PAR-3 and PAR-4 are cleaved and activated by thrombin. PAR-2 is activated by trypsin and trypsin-like proteases, including some coagulation factors (4) . PAR-2 can also be activated in vitro by synthetic peptides that resemble the new sequence (SLIGKV) produced after receptor cleavage (5) .
Importance of trypsin, a major serine protease, has been evidenced recently in many cancers, including digestive tract tumors. Extra-pancreatic production of trypsin was found in ovarian (6) , lung (7) , gastric (8) , and colonic tumors (9) and colon cancer cell lines as well (10, 11) . In addition, overexpression of exogenous trypsinogen cDNA in human gastric cancer cells increases their tumorigenicity in nude mice (8) .
Recently, it has been shown that trypsin targeted to PAR-2 is a very robust growth factor for human colon cancer cells (12) . However, expression and functional consequences of activation of PAR-2 in hepatocellular carcinoma have not yet been reported. This study is to determine the PAR-2 expression in HepG2 cells, the effect on hepatocellular carcinoma proliferation of PAR-2 activated by trypsin or agonist peptide, and the signaling pathway molecules downstream of PAR-2 that may contribute to colon cancer cell proliferation. By using the human hepatoma cell line HepG2, we showed that upregulation of c-fos and PCNA (two downstream molecules of ERK1/2) results from activation of PAR-2 by trypsin or the synthetic activating peptide SLIGKV-NH 2 . These data provide the first piece of evidence that PAR-2 is expressed in human hepatoma cells, and PAR-2 activation plays an essential role in growth of hepatoma cells, partially through the ERK/AP-1 pathway.
Materials and methods
Reagents. The PAR-2 activating peptide AP2 (SLIGKV-NH 2 ) and its reverse sequence RP (VKGILS-NH 2 ) were obtained Cell culture. HepG2 cells were cultured in high-glucose (4.5 g/l) Dulbecco's modified Eagle's medium (DMEM) supplemented with 12% fetal calf serum (FCS, Gibco), and 100 µg/ml penicillin/streptomycin. The cells were incubated at 37˚C, 5 % CO 2 in a humidified atmosphere.
Immunocytochemical staining. The cells were fixed with cold methanol:acetone (1:1) at -20˚C for 10 min, and washed three times with PBS. The fixed cells were treated with 3% hydrogen peroxide for 10 min to eliminate endogenous peroxidase. After blocking with rabbit serum for 10 min, the cells were incubated with goat polyclonal antibody to PAR-2 (1:100, final dilution) for 2 h at 37˚C. Control cells were incubated with nonimmune goat IgG2, and the concentration of which was adjusted to that of the primary antibody to verify the specificity of the labeling. The cells were then incubated with biotinylated rabbit anti-goat IgG, followed by avidin peroxidase. Samples were washed and the color was developed using the Dako 3, 3-diaminobenzidine tetrahydrochloride (DAB) substrate-chromogen system. After further washes, the samples were counterstained with hematoxylin, dehydrated, and coverslipped.
Immunofluorescence staining. Immunofluorescence staining was performed on HepG2 cells grown on glass coverslips. The cells were treated with 0.2% Triton X-100 for 20 min at room temperature. After blocked with rabbit serum for 10 min, the cells were incubated with goat polyclonal antibody to PAR-2 (1:100, final dilution) overnight at 4˚C. The control slides were not treated with the primary antibody. After three washes with PBS, the cells were incubated with FITC-labelled rabbit antigoat IgG (1:100, final dilution) for 40 min at 37˚C. After three washes with PBS, confocal fluorescence images were taken with Zeiss LSM510 METANLO (Germany).
Flow cytometry. HepG2 cells were seeded at the density of 8x10 4 / ml and allowed to attach for 24 h. The medium was removed and the attached cells were rinsed twice with serum-free medium. The cells were replenished with serum-free medium and starved in serum-free media for 24 h to maintain quiescence. Then the cells were incubated with or without PAR-2 agonists (50 µM SLIGKV-NH 2 or 25 nM trypsin) or 50 µM VKGILS-NH 2 . After 24 h of culture, the cells were harvested, washed twice with cold PBS, and fixed in 75% ethanol for at least 24 h at 4˚C. The cells were then washed with PBS containing 1% BSA and incubated with 100 µg/ml RNase A (Sigma, USA) and 50 µg/ml propidium iodide (Sigma) for 2 h at room temperature. Finally, the stained cells were analyzed on a FACSCalibur flow cytometer. Proliferation index (PI) was calculated according to the following equation: PI = (S+G 2 M)/(G 0 G 1 +S+G 2 M) x 100%.
Reverse-transcription polymerase chain reaction (RT-PCR).
To evaluate the mRNA level of PAR-2 expression in HepG2 cells, and the effects of PAR-2 agonists (SLIGKV-NH 2 or trypsin) and VKGILS-NH 2 on PAR-2 expression, the culture flasks were replenished with serum-free medium and the cells were incubated for 24 h to maintain quiescence. Then the cells were incubated with or without PAR-2 agonists (50 µM SLIGKV-NH 2 or 25 nM trypsin) or 50 µM VKGILS-NH 2 . After 24 h of culture, total RNA was extracted from the cells with TRIzol Reagent (Invitrogen Corp., Carlsbad, CA, USA). First-strand cDNA was synthesized by reverse transcription of the RNA with the Superscript Preamplification system according to the manufacturer's instructions. PCR amplification was performed with 2.5 U of Taq DNA polymerase on 5 µg of cDNA. The reaction was allowed to proceed for 35 cycles at 94˚C for 45 sec, 51˚C for 45 sec, and 72˚C for 90 sec. Control PCRs were performed by substituting water for cDNA and omitting RT during the DNA synthesis. To evaluate the effects of PAR-2 agonists and VKGILS-NH 2 on c-fos and PCNA mRNA expression, the wells were replenished with serum-free medium and the cells were incubated for 24 h to maintain them quiescent. Then the cells were incubated with or without 50 µM SLIGKV-NH 2 , 25 nM trypsin or 50 µM VKGILS-NH 2 . In some experiments, HepG2 cells were preincubated for 1 h with 50 µM PD98059 before stimulated with PAR-2 agonists. After 50 min and 24 h of culture, total RNA was extracted from the cells to detect c-fos or PCNA mRNA expression, respectively. The reaction was allowed to proceed for 35 cycles at 94˚C for 45 sec, 55˚C for 1 min, and 72˚C for 45 sec. The quality of the PCR product was checked by 1.5% agarose gel electrophoresis at 90 V for 45 min and visualized by 0.5 µg/ml ethidium bromide. Primers used in this study are given in Table I .
Proliferation assay. HepG2 cells were seeded in 96-well culture plates at 5000 cells/well and allowed to attach for 24 h. The medium was removed and attached cells were rinsed twice with serum-free medium. They were then grown in 100 µl of culture medium without FCS for 24 h to maintain quiescence. Then 200 µl of a fresh serum-free medium, with or without PAR-2 agonists (50 µM SLIGKV-NH 2 or 25 nM trypsin) or 50 µM VKGILS-NH 2 , were added. In some experiments, HepG2 cells were preincubated for 1 h with 50 µM PD98059 before stimulated with PAR-2 agonists. After 24 h of culture, cell proliferation was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich). Finally, the treatment medium was removed and DMSO was added to each plate, and absorbance of each well was measured at 590 nm using a 96-well-microplate reader. Table I . Oligonucleotides used in this study.
Western blot analysis. For the changes of c-fos and PCNA protein expression, HepG2 cells were grown to 50% confluence and serum-deprived for 24 h before the addition of PAR-2 agonists (50 µM SLIGKV-NH 2 or 25 nM trypsin) or 50 µM VKGILS-NH 2 . In some experiments, HepG2 cells were preincubated for 1 h with 50 µM PD98059 before their stimulation with 50 µM PAR-2 AP or 25 nM trypsin. After 2 and 24 h of culture, HepG2 cells were lysed in lysis buffer containing leupeptin and phenylmethylsulfonyl fluoride to detect c-fos and PCNA protein expression, respectively. Electorophoresis was performed through a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked in 5% non-fat milk and washed in Tris-buffered saline (TBS) containing 0.1% Tween-20 for 1 h at room temperature followed by the addition of anti-c-fos or anti-PCNA antibody (1:200) overnight at 4˚C. Then, the membrane was washed with TBS/Tween-20 for 1 h and horseradish peroxidase-labeled anti-mouse or anti-rabbit antibody (1:5000) was used as the secondary antibody. Blots were developed with a chemiluminescence detection system (BeyoECL Plus, Beyotime Institute of Biotechnology).
Statistical analysis.
Results are expressed as means ± SD. The P-value of differences between single subgroups was calculated with the Least Significance Difference post hoc test (LSD test).
Results

PAR-2 expression in human hepatoma cell line HepG2.
To confirm the expression and localization of PAR-2 at protein level, immunohistochemical and immunofluorescence analysis were carried out on human hepatoma cell line HepG2. As shown in was observed in the negative-control groups. In order to confirm whether HepG2 cells express PAR-2 at the mRNA level, we investigated the presence of specific PAR-2 mRNA transcripts in total RNA extracted from HepG2 cells. Since PAR-2 has been shown to be activated by trypsin or PAR-2-activating peptide AP2 (13), we also performed RT-PCR studies following incubation of HepG2 cells with the two activators. Fig. 2 shows that mRNA expression dramatically increased in the cells treated with trypsin or SLIGKV-NH 2 compared to the control group and the reverse PAR-2 AP group (P<0.001), further demonstrating that PAR-2 expression has been upregulated by trypsin or PAR-2-activating peptide AP2. (Fig. 3 ).
Trypsin and PAR-2 AP stimulate cell proliferation in HepG2 cells via ERK phosphorylation.
To evaluate the role of PAR-2 on hepatoma cell proliferation, serum-starved HepG2 cells were cultured in the presence or absence of trypsin, SLIGKV-NH 2 or VKGILS-NH 2 , and the proliferation rate of HepG2 cells was evaluated after 24 h of culture. In some experiments, HepG2 cells were preincubated for 1 h with 50 µM PD98059 before cell stimulation with PAR-2 agonists. Because ERK1/2 has been shown to play a pivotal role in the pathway leading to growth factor-regulated proliferation (14), we used the pharmacological inhibitor PD98059 to determine the involvement of ERK1/2 in the growthstimulating effect of PAR-2. The results from MTT assays showed that, the proliferation rate of HepG2 cells treated with trypsin or SLIGKV-NH 2 was significantly increased (P<0.001), and pretreatment of HepG2 cells with PD98059 resulted in significant decrease of cell proliferation induced by SLIGKV or trypsin (P<0.001). There was no statistical significance of the difference between VKGILS and control group. These data clearly show that PAR-2 agonists act as growth factors for HepG2 cells through the MEK/ERK1/2 pathway.
Blockade of ERK1/2 phosphorylation inhibits PAR-2 mediated enhancement of transcription and protein expression of c-fos in HepG2 cells.
Because PAR-2-mediated HepG2 cell proliferation could be influenced by inhibitor of MEK, we sought to identify whether PD98059 inhibits PAR-2-mediated enhancement of transcription and protein expression of the immediate-early gene c-fos in HepG2 cells. As shown in Fig. 4 , the mRNA and protein expression of c-fos were Table II . Effects of trypsin, SLIGKV or VKGILS on cell cycle distribution in HepG2 cells. upregulated in HepG2 cells stimulated by PAR-2 agonists (50 µM SLIGKV-NH 2 or 25 nM trypsin) (P<0.001) and the upregulation of c-fos by PAR-2 activators was significantly blocked by PD98059 (P<0.001). There was no statistical significance of the difference between VKGILS and control group. Densitometric analyses showed significant differences for each of the experiments.
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PD98059 inhibits PAR-2 agonist-induced PCNA mRNA and protein upregulation.
As shown by RT-PCR and western blot analysis (Fig. 5) , the mRNA and protein expression of PCNA were unregulated in HepG2 cells stimulated by PAR-2 agonists (50 µM SLIGKV-NH 2 or 25 nM trypsin), 24 h of treatment (P<0.001). Furthermore, the upregulation of PCNA expression induced by PAR-2 activators in HepG2 cells was significantly blocked by pretreatment with the inhibitor PD98059 (P<0.001).
In contrast, no change of PCNA expression was observed in HepG2 cells with VKGILS-NH 2 treatment.
Discussion
Tumor micro-environment is rich in active molecules such as growth factors, inflammatory mediators, cytokines and proteinases (e.g. metalloproteases and serine proteases). Proteolytic enzymes regulate the proliferation, angiogenesis, invasion and metastasis in cells (15) . Trypsin not only degrades extracellular matrix proteins but also modulates cellular functions through PAR-2 activation (16). New insights into tumor biology research have revealed a key role of trypsin in stomach, colorectal and pancreatic tumor progression (17) . Recently, it has been shown that downregulation of trypsin (11) or serine protease inhibitors suppress carcinogenesis in many in vivo and in vitro assays (18) . Thus, we speculate that trypsin, and possibly other serine proteases targeting PAR-2, can be used as new important signaling proteins in the control of HCC growth. In this study, the expression of PAR-2 and role of PAR-2 in human hepatoma cell line were reported for the first time. The human hepatoma cell line HepG2 was used as a model cell line and our result showed that PAR-2 was expressed mainly in cell membrane and cytoplasm. RT-PCR studies showed PAR-2 mRNA was expressed in HepG2 cells, and the mRNA expression dramatically increased in the cells treated with trypsin or SLIGKV-NH 2 compared to the control group or the reverse PAR-2 AP treated group. The upregulation of PAR-2 mRNA may be due to the appearance of desensitization and hydrolization induced by PAR-2 activation, resulting in the feedback upregulation of PAR-2 mRNA. PAR-2 activation by trypsin plays a key role in hepatoma cells and we found activation of PAR-2 in hepatoma cells by a specific, synthetic, peptide SLIGKV resulted in enhancement of cell proliferation, mimicking the trypsin effect. In contrast, the reverse peptide was devoid of any mitogenic effect. Based on the above, it is conceivable that the use of selective and potent PAR-2 antiagonists or trypsin inhibitors may be useful for HCC treatment. As previously reported by others (19), compared to trypsin, AP2 is an agonist with lower potency. The differences in the potency of AP2 are probably due to the nonsufficient presentation of AP2 to the binding domain of PAR-2. To clarify the role of PAR-2 activation by trypsin or PAR-2 AP in HepG2 cell cycle progression, the percentage of G 1 phase, S phase, G 2 /M phase and proliferation index (PI) of HepG2 cells were investigated. We found that trypsin and SLIGKV-NH 2 significantly reduced the ratio of G 0 /G 1 phase, but increased the percentage of S phase, G 2 /M phase and proliferation index (PI) in HepG2 cells, compared to the control group and VKGILS-NH 2 group. These data suggest that PAR-2 agonists accelerate the progress of cell cycle from G 0 /G 1 -phase to S and G 2 /M phase, and promote the synthesis of DNA of hepatoma cells. Previous studies by others have demonstrated that cyclin D1 promoted the G 1 -S phase of the cell cycle and was frequently overexpressed in many human cancers including HCC (20, 21) , and downregulation of cyclin D1 inhibited HCC growth in animal models (22) . Therefore, we speculate that one mechanism by which PAR-2 activation induced HCC proliferation is through the control of cyclin D1 expression. Further research is ongoing to demonstrate this phenomenon.
The efficient and potent mitogenic action of trypsin on hepatoma cells raises the question of the endogenous source(s) of trypsin or other serine proteases that can activate PAR-2 in situ in HCC. The importance of locally secreted trypsin at the vicity of HCC should be emphasized: i) normal epithelia cells surrounding hepatoma cells are likely a source of active trypsin (23) ; ii) blood vessels surrounding tumors also express trypsin (24); iii) it has been suggested from studies in pancreas that trypsin-like enzymes secreted by tumor cells could directly regulate growth of pancreatic cells in an autocrine manner by interacting with PAR-2 (20) . In gastric carcinoma cells, it has recently been reported that trypsinogen secreted by tumor cells, when activated to trypsin, can stimulate the growth and adhesiveness of the producer cells in an autocrine manner (25) . Thus, we speculate that some hepatoma cell lines may produce and secrete trypsinogens as well (4) . Trypsin is also present in serum at nanomolar concentrations and can diffuse from blood to tumor cells. Elevated trypsin levels were reported in the serum of patients with HCC (26) , suggesting that serum may be an important source of trypsin in cancer patients. These data suggest the possibility of autocrine/paracrine regulation of PAR-2 activity by trypsin in hepatoma cells.
To elucidate the mechanism by which PAR-2 induces hepatoma cell proliferation, the cell signaling pathway leading to cell proliferation after activaton of PAR-2 was analyzed. PAR-mediated signaling is known to be involved in the activation of MAPK cascades in a number of cells (27) . The extracellular signal-regulated kinase 1/2 (ERK1/2) pathway typically transduces growth factor signals that lead to cell differentiation or proliferation. Our data demonstrated that the MEK (upstream activator of ERK1/2) inhibitor PD98059 strongly decreased hepatoma cell proliferation stimulated by PAR-2 agonists. Thus, the relationship between ERK1/2 and cell proliferation is well demonstrated. Although the intracellular pathways responsible for PAR-2-mediated stimulation of ERK1/2 phosphorylation by PAR-2 agonists needs further research, it is worth mentioning that PAR-2 agonists transactivate the EGF-R through a pathway that includes matrix metalloproteinase-dependent cleavage and release of TGF-α, which in turn activates the EGF-R and downstream MAPK cascade, leading to cell proliferation (28) . Moreover, PAR-2 couples Gαq/11 and phospholipase Cβ, leading to hydrolysis of phosphatidylinositol bisphosphate, Ca 2+ mobilization, and activation of protein kinase C (PKC) and ERK1/2 (29) . These data suggest that PAR-2 agonists may stimulate the proliferation of hepatoma cells by EGFR-ERK1/2 or Ca 2+ -ERK1/2 pathway. The activator protein-1 (AP-1) transcription factor is a family of transcription factors composed of homodimers and heterodimers which are members of Jun, Fos, and ATF subfamilies that bind to a common DNA site, the AP-1 binding site (30) . MAPKs are upstream activators of AP-1 (31) . ERK, p38, and JNK, subfamilies of the MAPK pathway, induce Fos and Jun production by activating different transcription factors such as Elk-1 and ATF. It has been demonstrated that AP-1 plays a central role in tumorigenesis (32) . ERK1/2 pathway is responsible for the phosphorylation and activation of AP-1 protein. Fos protein differ significantly in both of their DNA binding sites and trans-activation potential as well as their target gene regulation. Overexpression of c-fos can efficiently transform cells and lead to tumor formation. Proliferating cell nuclear antigen (PCNA) is a 36-kDa nuclear marker of cell proliferation since its expression and distribution are correlated with the rate of cell proliferation and DNA synthesis in various tumors (33) . PCNA is an auxiliary protein of DNA polymerase-δ that functions during the cell cycle (34) . The distribution of PCNA increases during G 1 phase, peaks at the G 1 S interphase and decreases during G 2 phase (35) . The PCNA gene contains AP-1 sites in promoter region and its expression is regulated by AP-1 activity (36) . In this study, we have shown significant upregulation of c-fos and PCNA in response to trypsin or PAR-2 AP, and the effect was strongly decreased by PD98059. The results suggest that PAR-2 agonists may elevate the rate of cell proliferation and DNA synthesis in hepatoma cells by ERK1/2-AP-1 pathway. Additional studies are needed to explore other transcription factors and their target genes in the progression of hepatoma induced by activation of PAR-2. Previous studies have demonstrated that the activation of PAR-2 stimulated proliferation of ESC through p38 MAPK , p42/44 MAPK , and SAPK/JNK pathways (37) . It has also been demonstrated that nuclear factor kappa B (NF-κB) signaling mediated by PAR-2 is regulated by intracellular Ca 2+ in skin epithelial cell line NCTC2544, independent of ERK and p38 MAPK pathways (38) . NF-κB transcription factors play a key role in many physiological processes such as cell proliferation, cell death, and inflammation (39) . Thus, we speculate that the proliferation of HepG2 induced by PAR-2 agonists may also be related to other pathways, such as the p38 MAPK , SAPK/JNK, Ca 2+ /NF-κB pathways.
In conclusion, our data demonstrated that PAR-2 played an important role in proliferation of hepatoma cells, and PAR-2 activation promoted the proliferation of hepatoma cells partially via the ERK/AP-1 pathway. Further studies are needed to clarify other mechanisms of PAR-2-induced signaling pathways leading to hepatoma cell proliferation.
